Factors affecting cell viability, plating efficiency, and survival of hepatocytes after cryopreservation have been investigated. We focused especially on the effect of including trehalose and related oligosaccharides in the cryopreservation fluid. This was supplemented with either glucose, trehalose, maltotriose, or other sugars, in addition to dimethyl sulfoxide (10%) and first tested with primary rat hepatocytes cooled in a controlled rate freezer. After thawing, viability by trypan blue exclusion of cells frozen in oligosaccharide-supplemented medium was significantly higher than for those cryopreserved without oligosaccharides. Use of oligosaccharides with higher molecular weights resulted in greatest improvement in viability. Moreover, attachment and survival rates in plastic dishes were approximately 1.2-1.8-fold greater after freezing in the presence of di-, tri-, and tetrasaccharides. Human hepatocytes isolated from untransplantable liver showed the same tendency regarding viability, but cell adherence was not similarly improved by the addition of oligosaccharides. Possible reasons for these differences may be prior cell damage during extended cold ischemia of the human liver, donor age, or cell degradation caused by progression of fatty liver in humans, and/or species differences.
INTRODUCTION
the precise mechanisms remain to be resolved. Possibly, inter-and intracellular microcrystallization damages cell and organelle membranes (9, 15 ). Human hepatocytes are valuable not only in biological but also pharmaceutical investigations because they There are several factors important for successful cryopreservation of cells including 1) composition of the are essential for preclinical testing of drug candidates (5, 7, 12, 19) . In particular, the prediction of cytochrome cryopreservation medium and nature of the cryoprotectant (1, 2, 4, 6, 8, 11, 13, 14, 17, 18, 20) , 2) the freezing proce-P450 induction by test agents, key information in the development of new drugs, is achievable only by using dure (5, 15) , 3) the thawing procedure, 4) the culture technique after thawing (10,22), and 5) the intrinsic sus-primary human hepatocytes. To freely and effectively utilize these cells, here we aimed at improving cryopres-ceptibility of the cells to freeze damage. From the susceptibility standpoint, primary hepatocytes are one of ervation techniques.
Preservation is a key technology for cell and tissue the most difficult types of cells to cryopreserve, while cell lines and some primary cells such as lymphocytes research. To protect biomaterials from degradation, several strategies have been developed, such as refrigera-and fibroblasts are relatively easy. Many cryopreservation methods have been established by individual re-tion, freezing, or passage in culture when cells can be established as lines (4, 8, 11) . While each method has searchers, but there is still no accepted standard protocol. both advantages and disadvantages, cryopreservation in liquid nitrogen is the method of choice for cells, in terms In this communication we describe an investigation of factors associated with successful hepatocyte cryo-of stability, cost, and labor. However, cryopreservation markedly decreases cell recovery and viability. While preservation, focusing on the effect of sugar molecules as cryoprotectants. The addition of certain sugars im-the freeze-and-thaw process obviously damages cells, proved not only cell viability and recovery immediately Figure 1 . Immediately after freezing, tubes were transferred to liquid nitrogen and stored until use (from 1 on thawing but also cell survival during subsequent culture.
week to 6 months). For thawing, tubes were placed in a 37°C water bath MATERIALS AND METHODS until the ice crystal had nearly disappeared. The cell sus-Chemicals and Animals pension was then immediately diluted 1:15 with ice-cold culture medium. The suspension was centrifuged for 1 William's medium E, kanamycin, penicillin, and min at 50 × g; cells were resuspended in fresh medium streptomycin were purchased from GIBCO BRL, Life and cell viability was assessed. The viability of both iso-Technologies, Inc. (Grand Island, NY). Fetal bovine selated hepatocytes and cryopreserved/thawed hepatocytes rum (FBS) was from Gemini Bio-Products (West Sacrawas determined by the same trypan blue dye exclusion mento, CA). Insulin, dexamethasone, and dimethyl sulftest. oxide (DMSO, D-2650) were from Sigma-Aldrich, Co. (St. Louis, MO). Oligosaccharides (glucose, maltose, Hepatocyte Culture and Determination of Cell Survival lactose, raffinose, maltotriose, maltotetraose, maltopen-Freshly isolated or cryopreserved/thawed hepatocytes taose, maltohexaose, maltoheptaose), cyclic sugars (α-(4 × 10 5 cells) were seeded into 35-mm culture dishes cyclodextrin, γ-cyclodextrin), and dextran were from (Falcon 3001, Becton Dickinson, Franklin Lakes, NJ) in Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
2 ml of culture medium. The composition of the culture Trehalose was from Hayashibara Biochemical Laboramedium was the same as the cryopreservation solution tories, Inc. (Okayama, Japan).
except that 10% DMSO and the sugars were omitted. Male Sprague-Dawley rats (6-7 weeks old, specific
The plates were incubated for 24 h in a 37°C incubator pathogen free) weighing 200-300 g were purchased under a humidified 5% CO 2 atmosphere. Culture mefrom Sankyo Lab Co. Ltd. (Tokyo, Japan). dium was changed at 3 and 24 h (rat hepatocytes) or at Rat and Human Primary Hepatocytes 24 h (human hepatocytes) after seeding. In some experiments, the surface of the dish was coated with type I Primary hepatocytes were isolated from SD rat livers collagen (Cellmatrix, NITTA Gelatin) prior to use. For using collagenase (S-I, NITTA Gelatin, Tokyo, Japan) this, 1 ml of diluted collagen solution (60 µg/ml in 15 as described previously (3) . Cell viability was >80%, as mmol/L HCl) was pipetted into the dish and incubated determined by the trypan blue dye exclusion test, using for 1 h at 37°C. Trypan Blue Stain (Gibco) at a final concentration of Cell survival rates were estimated by microscopic ob-0.2%. servation of attached cells 24 h after seeding, using the Human hepatocytes were isolated from nontrans-NIH IMAGE program (National Institutes of Health plantable livers of three different donors (age/race/sex/ http://rsb.info.nih.gov/nih-image/). The viability of culcold ischemia time: 38/Caucasian/male/38 h; 41/Caucasian/female/35 h; 56/Caucasian/male/44 h) at the Human and Animal Bridging Research (HAB) Organization (Chiba, Japan). Livers nontransplantable for medical reasons were imported from the National Disease Research Interchange (NDRI) in Philadelphia, USA. Permission for research use was in place, as a result of the international partnership between NDRI and HAB.
Hepatocyte Freezing and Thawing Procedures
The basic composition of the cryopreservation medium was William's medium E containing 10% FBS, 1 µmol/L insulin, 1 µmol/l dexamethasone, 100 µg/ml kanamycin, 100 U/ml penicillin, 100 U/ml streptomycin, and 10% DMSO. Oligosaccharides and cyclic sugars were added to this medium at concentrations of 0.05, 0.1, or 0.2 mol/L. Dextran was added at 3%. One milliliter of cell suspension containing 5 × 10 6 cells was quickly transferred to a 2.0-ml freezing tube and placed in a controlled rate freezer (Kryo 10, Planer, Middlesex, UK). Tubes were frozen under the conditions shown in sugar-free medium) (13 in Fig. 3 ). Fig. 4A, B) . Attachment by cells frozen (collagen-coated dish) 67 ± 2.6 40 ± 1.1
in the presence of glucose was not improved (Fig. 4C ), much higher immediately after thawing (1 in Fig. 3 ).
Sugar free 26 ± 1.7 2.0 ± 0.2
The other oligosaccharides also improved cell survival Glucose 50 ± 2.0 3.2 ± 0.4 ( Fig. 4D , E, F, G). As well as cell viability immediately as high molecular weight oligosaccharides (Fig. 4H) . †Trypan blue exclusion test.
Coating the dishes with type I collagen had an additive ‡By NIH IMAGE analysis. effect on cell survival. For example, Figure 4I shows survival of cells cryopreserved with 0.1 mol/L maltotured hepatocytes was also determined using the Live/ heptaose plated on collagen-coated dishes and Figure 4G Dead Viability/Cytotoxicity Kit (L3224, Molecular the same cells on plastic dishes. A similar beneficial ef-Probes, Eugene, OR, USA). Calcein-positive live cells fect of collagen was observed with cells frozen with and ethidium-positive dead cells were counted to estabother oligosaccharides. Cell viability determined by the lish percent viability.
Live/Dead assay showed that >95% of the rat hepatocytes attaching to the dish were viable and confirms, RESULTS therefore, that the amount of attached cells correlates well with cell survival rate.
Viability of Thawed Rat Hepatocytes After Cryopreservation in the Presence of Different Sugars Viability and Survival of Cryopreserved

Structures of the saccharides used are shown in Fig-
Human Hepatocytes ure 2. Of the sugar molecules listed, β-cyclodextrin was practically insoluble and was omitted. For dextran, the As with rat hepatocytes, oligosaccharide-containing freezing medium greatly improved the viability of cryo-final concentration was set at 3%, equivalent to 0.17 mol/L glucose. preserved/thawed human hepatocytes (Fig. 5 ). The initial viability of isolated human hepatocytes determined The viability of rat hepatocytes cryopreserved in the presence of oligosaccharides was greatly improved (Fig. by trypan blue exclusion was 71 ± 1.8% (n = 3). However, we could only use one batch of cells (from a 38-3). The initial viability of freshly isolated hepatocytes determined by trypan blue exclusion was 81 ± 1.8%
year-old Caucasian male), because liver cells from the other two donors did not culture well on the dishes. Data (n = 5). After cryopreservation in the absence of oligosaccharides, the viability of thawed cells was only 38 ± were obtained from three independent experiments with the cells from this one donor. Fig. 3 ). However, when oligosaccharides were included in the cryopreservation medium, the via-After thawing, viability had decreased to 26 ± 1.7% when using sugar-free freezing medium (Cont in Fig. 5 ). bility of thawed cells increased by a factor of 1.2 to 1.8 compared to controls. While glucose improved initial
3.2% (Cont in
In contrast, the viability of hepatocytes cryopreserved in the oligosaccharide-containing media was 1.9-2.5-fold cell viability in a concentration-dependent manner after thawing, the best effect was seen with the other sugars greater than controls (1 to 10 in Fig. 5 ). As with rat hepatocytes, cyclic sugars were not effective (11, 12 in at 0.1 mol/L. Fig. 5 ). Dextran increased the viability to 65 ± 2.0% 12,17, 19) . A number of factors have been proposed to affect cell viability and recovery, such as the composi-(i.e., 2.5-fold the control) (13 in Fig. 5 ).
Cell survival rates determined by the fraction of cells tion of the cryopreservation medium, cooling and thawing rates, and the procedure for removal of cryopreser-attaching to the surface were 14 ± 0.4% for fresh hepatocytes but only 2.0 ± 0.2% for hepatocytes cryopre-vation medium after thawing. In this communication, we focused on the effect of including sugars, especially oli-served in sugar-free medium ( Table 1 , Fig. 6A, B) . Again, cell survival was greatly improved by the addi-gosaccharides, in the freezing medium on the initial viability and survival of rat and human primary hepatocytes tion of oligosaccharides to the freezing medium ( Table  1 , Fig. 6D, E) . The morphology and growth of fresh after cryopreservation. The simple monosaccharide glucose improved hepa-hepatocytes and hepatocytes cryopreserved with oligosaccharides was similar. Viability determined by the tocyte viability immediately on thawing, but failed to affect cell attachment and survival in culture. In contrast, Live/Dead assay was >90%.
di-, tri-, tetra-, and oligosaccharides as cryoprotectants effectively improved both cell viability and attachment.
DISCUSSION
Their efficacy in this respect was correlated with their length. Thus, the effect of maltoheptaose was as good Techniques for the cryopreservation of hepatocytes have been developed in several different species (4,5,11, or better than trehalose, which is well known to protect biological materials against deterioration by desiccation human hepatocytes, which showed high viability and attachment capacity, similar to that seen with maltohep-and cold storage (1, 8, 21) . Because there are unlimited possibilities in carbohydrate synthesis, we may have taose. Cryopreservation of human hepatocytes was much more effective polymers for cryopreservation (16).
A cyclic sugar, cyclodextrin, is widely used in drug more difficult than for those of the rat. Reasons for this may include cellular degradation, such as lipid accumu-delivery systems as a drug inclusion complex. In the present study, however, this agent was unsuitable, as it lation and aging prior to freezing, or long cold ischemic time after organ removal. Because shortage of organs is seemed to be toxic to hepatocytes. Trypan blue exclusion showed few or no surviving cells after cryopreser-one of the most serious obstacles to transplantation, the first problem will not be easily overcome. Indeed, the vation in cyclodextrin-containing medium. Judging from microscopic morphology, cells were severely damaged three livers used here were nontransplantable for medical reasons and showed features of fatty liver by micro-(data not shown). In contrast, unlike cyclic sugars, dextran was an effective cryopreservative for both rat and scopic examination (data not shown). Resolution of the Ruegg, C. E.; Silber, P. M. Cryopreserved human hepato-ACKNOWLEDGMENTS: This research was supported by the cytes: Characterization of drug-metabolizing enzyme ac-Japan Health Sciences Foundation (Tokyo, Japan). We are tivities and applications in higher throughput screening very grateful to the persons who donated their livers for reassays for hepatotoxicity, metabolic stability, and drugsearch. We also thank Ms. Nao Yamada and Ms. Aya Kashidrug interaction potential. Chem. Biol. Interact. 121:17mura for their skillful technical assistance.
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